RkumC. -Les dtfauts des unitb moltculaires dans des isolants peuvent &re determints par des mesures de conductivite Blectrique et de thermocurent ionique (ITC). Les conditions sont un moment dipolaire electrique permanent du defaut et la presence de transitions de phase, qui augmentent la probabilite de relaxation dipolaire et, par conskquent, la sensibilitk de la d6tection. Les mkthodes sont appliquees a KzSnC16, NH4C1 et NH4Br, composants qui possedent des unites anioniques octahedrales ou cationiques tetrahedrales en rotation quasi libre. La dissociation thermique ou l'irradiation par des neutrons creent les d6fauts dipolaires stables : SnC15 -et NH 3. La reorientation de ces unites lors de transitions de phase provoque des maximums tres raides de courant de d6polarisation. Des concentrations de dkfauts de l'ordre de la partie par nanomol (ppb) peuvent Ctre d6terminCes.
Introduction. -Molecular units in ionic crystals very often can perform rotational movements. A change in this particular degree of freedom occurs most drastically a t phase transformations. The onset of rotation can be used to determine defects of the covalent units, provided they respond to external fields, e. g. by a permanent dipole moment. The sensitivity of detection can be very high, since the defect species may be forced to rotate cooperatively at the transition point. A coupling of the movement of damaged and undamaged units assumed, defects may serve as a probe for phase transitions and lattice dynamics.
Very simple systems of ionic crystals with molecular units are the hexahalometallates of the type R,MX6, the high temperature phase of which in general is cubic of the antifluorite-type (0;-~m3m). The primitive cell in figure 1, upper part, shows cubes of cations alternatively empty and occupied by an anion. K2SnC16 [I] lends itself for the study of defects of the octahedral anions, since a mild irradiation with thermal neutrons creates almost exclusively SnCI, 0--ligand vacancies and interstitial chlorine atoms via (n,y)-recoil processes. From hot atom chemistry experiments [2-51 it has already been concluded that the structure of the MX, OM-unit is a square pyramide. This ligand arrangement is also implied by the existence of stable pentacoordinated compounds with similar structure such as (NH,), [SbCI,] 161. Due to the asymmetric charge distribution, SnCISO-has a permanent dipole moment the orientation of which is randomly distributed between the equivalent positions within the cation cube, cf. figure 1, lower part.
Most of the hexahalometallates undergo phase transitions at lower temperatures ' (71. Some of them have been suggested to be due to the condensation of an optical phonon involving the rotation of the octahedra [8] . K2SnC16 exhibits two phase transitions at T I = 262 K and T , = 253 K [7,9-151. The occurrence of rotational movements renders D. C. conductivity and ITC methods [16] to be a promising tool for the determination of dipolar anionic defects.
In this respect, NH,Cl and NH,Br form a system analogous to the hexahalometallates. Changes in the orientation of the NH;-ions occur at the well-known transitions at T, = 243 K and 235 K, respectively [17-221. These rotations seem to be promising aides for the detection of ligand vacancies in NH:, i. e. dipolar NH,-units. The electric conductivity of the ammonium halides is partially due to proton transfer 123-281 which leads to the formation of dipolar NH,-species. A certain amount of NH, is substitu- Experimental. -K,SnC16 raw material was synthesized by conventional methods [29] and purified by multiple recrystallisation from aqueous solution. Single crystals were grown from 0.1 n HCI solution. NH4C1 and NH,Br single crystals were grown in the Institut fiir Kristallographie der Universitat zu Koln (Prof. S. Haussiihl) from aqueous solution of commercial high purity raw material with urea added as a habit modifier. cover of which carries the sample holder. This 300 mm long stainless steel tube is closed at the lower end and serves as the low electrode. The high electrode is a very thin stainless steel plate which is pressed gently against the end of the tube by means of a spring system, figure 2. A thermocouple is welded at the end of the tube. The electric resistance of the whole system is higher than 5 x 1015 0 ; the lowest resolvable current is about 1 x 10-15 A. A liquid nitrogen cold trap within the cryostat prevents the condensation of residual gas on the sample. Heating and cooling over a temperature range from 77 to 500 K is achieved by a device insertable into the low electrode tube, cf. figure 2.
A constant heating rate of 3.2 K min.-' is obtained by pumping liquid nitrogen through the hollow copper block of the device and programmed electric counter heating. D. C. conductivity measurements were performed after cooling the short-circuited crystals to 77 K, applying a D. C. field of 5 V and heating up to 500 K. For ITC measurements the samples were polarized with 500 V for 5 min at room temperature, cooled to 77 K and short-circuited for 5 min before heating.
Results and discussion. -K,SnCl,. - The ITC spectra of non irradiated (dashed line) and neutron irradiated (solid line) K,SnC16 in the temperature region near the phase transformations are shown in figure 3 . As a consequence of the irradiation, sharp and intense depolarisation current peaks at Ti and T2 are observed, whereas in the non-irradiated sample only tiny humps can be seen. By annealing at temperatures above 350 K the intensity of the irradiation induced maxima and minima can be reduced. The intensity of both peaks is found to decrease monotonically with decreasing polarization temperature down to T,. Below this temperature the intensities remain constant. The results of the irradiation experiments lead to the conclusion, that the current peaks at TI and T2 cannot be produced by a classical spontaneous polarization of the crystals below the transition points, as it is observed e. g. for NaNO, [31] . Also the observed tetragonal expansion at TI [13] is by far too small to explain the occurrence of the peaks via simple capacitance change. At T2 a lattice parameter change was not found at all [13]. Thus, the anomalies at TI and T2 are attributed to the stimulated rotation of SnCI, 0--dipoles. Figure 4 shows a schematic representation of an ITC experiment, involving the TI-transition only. The orientation of the ligand vacancy is described in terms of energy levels (numbers refer to Fig. 1) .
Polarization of the sample in (1, 1, 1) -direction at room temperature leads to a population of the three least energetic orientations 1,2 and 3. On cooling the sample below TI an additional splitting of the levels may occur due to a tetragonal lattice distortion [13] . Since rotation of the ligand vacancy seems to be inhibited at temperatures below the phase transition, the former polarization is frozen in. When TI is reached from below on heating, the large fluctuations and possible 900 jumps of the regular octahedra help the dipoles to occupy the six equivalent levels.
This leads to a decrease of polarization and, thus, to the observed current anomalies. Domain effects, contributions from dilatation and not exact (1, 1, 1)-orientation of the samples may be responsible for .the individual structure of the observed maxima and minima.
A similar explanation holds for the transition at T2 as well. Because of the lower intensity of its peak, a small angle reorientation of the dipoles can be discussed, cf. Without previous polarization of the NH4Br crystal no peak could be found at T2 within experimental resolution. Thus, a classical spontaneous polarization of the crystal below T2 cannot be responsible for the peaks. Likewise, lattice dilatations are too small to account for the anomalies. In their ITC experiments in NH4CI, Kessler et al. 128, 321 also observed the maximum at T2, the intensity of which increased with the concentration of Ni2 + -impurities. In this case, a spontaneous polarization [32] of the defect arrangement cannot generally be excluded by our experiments. The difference in the nature of the phase transitions in NH,Cl (ferrodistortive, but no structural change) and NH4Br (antiferrodistortive and tetragonal distortion) may impede conclusions from one system to the other. Nevertheless, in view of the experiments under polarizing voltage, it seems to be reasonable to discuss the current anomalies in terms of dipolar relaxation of NH3-centers stabilized by divalent impurities. An analysis of the impurities of the ammonium halides via emission spectroscopy showed concentrations of divalent cations in the range of about 50 to 100 ppm. Figure 9 (upper part) shows a NH, dipole with its free electron orbital pointing into the fourth tetrahedral direction. In the vicinity of divalent cationic impurities, the free orbital of NH3 is directed towards the impurity, as could be shown by EPRexperiments r33, 341. A rotation about the threefold symmetry axis is possible even at low temperatures, but it does not change the orientation of NH,. These motions are also dominant for the NH:-tetrahedra below T,. At the transition point, however, the pro-bability for a rotation about the fourfold symmetry axis increases abruptly. By coupling to this new type of movement, the orientation of the NH, dipole might be changed. There is a second process, which may lead to a new static orientation of the dipole, the proton transfer from a neighbouring NH:~O NH,, cf. figure 9 (lower part). Thus, the dipole moment is transferred to another molecule and its orientation stabilized again.
The mechanism of proton transfer can also account for the low activation energy and the constant slope of the ITC peak intensity at T, as function of reciprocal polarization temperature, cf. figure 8. The intensity seems to be determined by the equilibrium concentration of oriented NH,-dipoles and, thus, by the enthalpy for proton transfer. The small activation energy for NH4Br agrees very well with that of 0.08 eV reported by Murti and Prasad [26] for the proton jump in deformed NH4CI.
Conclusion. - The technique of stimulated dipolar relaxation may be successfully applied to a variety of insulators. The high sensitivity of the method allows the determination of low concentrations of defects, provided they have a permanent dipole moment and are triggered by lattice dynamics to change their orientation at phase transitions in a very short time interval. The technique is also selective for certain defect types, since sufficiently strong coupling of motions will only take place, if the defect structure is similar to that of the undamaged units. Alternatively, this method can also be used for a study of dynamical properties of the crystals at phase transformations. Due to the high sensitivity, only a small number of dipolar indicators is needed. This has the advantage of negligable disturbance of the lattice. In many cases a mild thermal neutron irradiation may provide the probes required.
